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Introduction
In recent years, magnetic refrigeration has received considerable attention because it is considered to be more energy-efficient and environmentally friendlier compared to the conventional refrigeration based on the compression-expansion of greenhouse gases, CFC (ChloroFluoroCarbons) and HCFC (Hydro-ChloroFluoroCarbons) [1, 2] . The renewed interest in MagnetoCaloric materials is partly due to the discovery of a giant magnetic entropy change in Gd 5 Si 2 Ge 2 and Gd alloys in the late 1990s and early 2000s [3] [4] [5] . The magnetic refrigeration is based on the MagnetoCaloric Effect (MCE) [6] , which depends on the fact that the spin entropy of a magnetic material decreases upon application of an external magnetic field and this reduction in magnetic entropy is compensated by an increase in the lattice entropy resulting in an increase in the temperature of the sample. Conversely, when the magnetic field is removed adiabatically, magnetic spins tend to randomize which leads to an increase in the magnetic entropy and a decrease in the lattice entropy and hence lowering the temperature of the sample.
In this context, gadolinium (Gd) is the reference material for magnetic refrigeration at room temperature. This is the first material that has validated the principle of magnetic refrigeration at room temperature, and it is still used to test prototypes with a Curie temperature (T C ¼293 K) close to room temperature [7] . However, because of its very expensive price and limited resources, the studies on manganite-based materials have been accelerated these last years. Among these materials, perovskites of general formula R 1 À x A x MnO 3 (R -rare-earth, A -alkali earth) have been studied in detail due to their interesting magnetic properties [8, 9] . Among them, La 1 À x Sr x MnO 3 compounds are given particular attention because of their interesting magnetic properties such as Colossal MagnetoResistance (CMR) and MCE [10, 11] 
Results and discussion

Structural characteristics
Identification of the phase and structural analysis by X-ray diffraction technique are reported elsewhere [26] [27] [28] . These results show that the compounds La 0.7 Sr 0.3 Mn 0.9 M 0.1 O 3 (M¼Cr, Sn, Ti) crystallize in the rhombohedral system with the R3C space group. Lattice parameters and unit cell volumes are listed in Table 1 .
Magnetic properties
The temperature dependence of magnetization M(T) for La 0. [31] . Fig. 2 shows an example of the magnetization versus the applied magnetic field measured at different temperatures, from 0 to 5 T, for the LSMO-Cr sample. Below T C , the magnetization M increases sharply with the applied magnetic field up to 1 T and then saturates. Above T C , the magnetization M increases more smoothly, as typical in paramagnetic materials. This decrease is mainly due to the thermal agitation which tends to disorder the magnetic moments. This variation indicates that there is a large magnetic entropy change associated with the FM-PM transition temperature occurring at T C .
Near the Curie temperature, a ferromagnet undergoes a secondorder phase transition in the presence of an external field (μ 0 H). Thus, the magnetic energy Mμ 0 H can be included in the expression of Gibb's free energy, which can be written as a Landau power expansion of the magnetization M, neglecting higher-order parts [32] [33] [34] GðM; TÞ
where A and B, known as Landau coefficients, depend on the temperature T. The last term in Eq.
(1) describes the energy of spins, which is expected to be slowly varying with temperature. range, confirming that a second-order FM to PM phase transition has occurred. Thus, the temperature dependence of parameter A, Eq. (2), can be extracted from the linear region of Arrott plots (Fig. 3) , as shown in Fig. 4 . It is found that parameter A varies from negative to positive with increasing temperature. It is noticed that the temperature corresponding to the intercept (zero-value of parameter A) correlates well with the value of the transition temperature T C .
MagnetoCaloric Effect (MCE)
MCE is an intrinsic property of magnetic materials. It is the response of the material toward the application or removal of a magnetic field. This response is maximized when the material is near its magnetic ordering temperature (Curie temperature T C ).
According to the thermodynamic Maxwell's relationship ð∂S=∂HÞ T ¼ ð∂M=∂TÞ H , the magnetic entropy change ΔS M which results from spin ordering and which is induced by the variation μ 0 ΔH of the applied field from 0 to μ 0 H is given by [36, 37] ΔS M ðT; m 0 HÞ ¼ SðT; m 0 HÞÀSðT; 0Þ ¼
where μ 0 H is the external magnetic field. In order to evaluate the magnetic entropy change (ΔS M ), one needs to make a numerical approximation for the integral in Eq. (3). The method consists of using the magnetization curves at various temperatures. Then, for given intervals of temperature (ΔT ¼T 2 À T 1 ), the magnetization measurements at small discrete fields lead to a magnetic entropy change ΔS M approximated by
Fig . 5 shows the temperature dependence of the magnetic entropy change (À ΔS M ) at various intervals of the applied field from μ 0 ΔH of 1 T to 5 T, for LSMO, LSMO-Cr, LSMO-Sn and LSMO-Ti. It is clear that the magnetic entropy change depends on the magnetic field interval; also the largest changes in magnetic entropy take place near T C , which is a property of simple ferromagnets due to the efficient ordering of magnetic moments induced by the magnetic field at the ordering temperature. For each composition, the peak position is nearly unaffected because of the second-order nature of the FM-PM transition for these compounds. These peaks are situated at about 364 K, 325 K, 229 K and 212 K, respectively for LSMO, LSMO-Cr, LSMO-Sn and LSMO-Ti. Under a variation in the applied magnetic field μ 0 ΔH of 2 T, the jΔS , respectively for LSMO, LSMO-Cr, LSMO-Sn and LSMO-Ti.
In Table 1 30K  50K  100K  140K  180K  200K  220K  240K  260K  280K  290K  300K  305K  310K  315K  320K  325K  330K  335K  340K  345K  350K μ 0 H(T) A C [20] . All these studies indicate that the large MCE in the perovskite manganites can originate from the spin-lattice coupling related to the magnetic ordering process [38, 39] . This strong coupling is evidenced by the lattice changes accompanying the magnetic transitions in these manganites; the lattice structural change in (Mn, M)-O bond distances and (Mn, M)-O-(Mn, M) bond angles with temperature, which results in a variation of the volume, can cause an additional change in the magnetic properties of the material [40] . The influence of structural change on the magnetism and MCE in these systems is related to the electronic bandwidth W [41] (see Table 1 ). The decrease in the values of W with different elements doping reduces the double-exchange (DE) interaction. The empirical formula of bandwidth W for ABO 3 -type perovskites using the tight binding approximation [42] is W p cos Θ=d On the other hand, the oxygen deficiency could play an important role in the physical properties of this kind of materials, especially the structural transition that may appear in the magnetic, MCE and electrical properties [45, 46] .
The change of specific heat (ΔC P ) associated with a magnetic field variation from 0 to m 0 H is given by [47, 48] ΔC P ðT; μ 0 HÞ ¼ C P ðT; μ 0 HÞÀC p ðT; 0Þ ¼ T ∂ΔS M ðT; μ 0 HÞ ∂T ð5Þ
Using Eq. (5), ΔC P of all samples versus temperature under different variations of the applied magnetic field (μ 0 ΔH) is displayed in Fig. 6 . Here, we can see that ΔC P undergoes a sudden change of sign around T C with a positive value above T C and a negative value below T C . In addition, the maximum/minimum values of ΔC P exhibit an increasing trend with the applied field and are observed at temperatures 385/350, 337/317, 242/169 and 230/ 190 K, respectively for LSMO, LSMO-Cr, LSMO-Sn and LSMO-Ti. The values of ΔC max P =ΔC min P under the applied magnetic field of 2 T are listed in Table 2 .
Generally, an important criterion for selecting magnetic refrigerants is the cooling power per unit volume, namely, the relative cooling power RCP [1, 49, 50] , which corresponds to the amount of heat transferred between the cold and the hot sinks in the ideal refrigeration cycle. RCP has been defined as
where jΔS max M j is the maximum entropy change at T C and is equal to δT FWHM ¼ ðT 2 À T 1 Þ, the full-width temperature span of the ( ÀΔS M ) versus temperature plots at their half-maxima.
The magnetic field dependence of the RCP is shown in Fig. 7 . RCP values increase linearly with the applied magnetic field (m 0 H). RCP values under an applied field of 2 T are about 29, 74, 40 and 113 J kg À 1 , respectively for LSMO, LSMO-Cr, LSMO-Sn and LSMO-Ti samples. To evaluate the applicability of LSMO-Cr, LSMO-Sn and LSMO-Ti compounds as magnetic refrigerants, the values of jΔS max M j and RCP obtained in our study were compared with those reported in the literature for several other magnetic materials (Table 2 ). For LSMO-Cr, LSMO-Sn and LSMO-Ti our values are in the order of 50%, 26% and 71% compared with gadolinium (Gd), while they are quite comparable to those reported for other manganites (Table 2) . Hence, LSMO-Cr and LSMO-Ti compounds, in particular, are suitable candidates to be used in magnetic refrigeration; among these two, the value of RCP for LSMO-Ti is higher than the one for LSMO-Cr, the Curie temperature for the A C
later is closer to room temperature, making LSMO-Cr as the most favorable for magnetic refrigeration.
Dependence of magnetic entropy change
Numerous works have been done concerning the field dependence of the magnetic entropy change (ΔS M ) of manganites at the FM-PM transition T C . According to Oesterreicher et al. [51] , the magnetic field dependence of the magnetic entropy change ΔS M at a temperature T for materials obeying a second-order phase transition follows an exponent power law of the type
where a is a constant and the n exponent depends on the magnetic state of the sample. In a mean field approach, the value of n at the Curie temperature is predicted to be 2/3 [51] . It is well known that in manganites the exponent is roughly field-independent and approaches approximate values of 1 and 2, far below and above the transition temperature, respectively [52] .
By fitting the data of ΔS M versus μ 0 H to Eq. (7), we obtain the value of n as a function of temperature, as depicted on a log-log scale in Fig. 8 . The n exponent is close to 1 in the FM regime and increases to 2 in the PM region. The n exponent exhibits a moderate decrease with increasing temperature, with a minimum value in the vicinity of the transition temperature, sharply increasing above T C . The n values around T C are 0.556, 0.654, 0.794, and 0.706, respectively for LSMO, LSMO-Cr, LSMO-Sn and LSMO-Ti. These values are similar to those obtained for soft magnetic alloys, gadolinium (Gd) and other magnetic materials containing rare earth metals [52] [53] [54] [55] [56] . 
Table 2
Summary of MagnetoCaloric properties of LSMO, LSMO-Cr, LSMO-Sn and LSMO-Ti, compared to other magnetic materials. 
